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ABSTRACT \{\litronic 33 stainless steel (Frademaric-of Armco Steel Corporation)'}has
a unigue combination of high strength and nonmagnetic properties which make it an
excellent candidate for use as prestressing strand for concrete waterfront structures
where the magnetic properties of the carbon steel commonly used for prestressing - TR
strand are not acceptable. Before Nitronic 33 stainless steel prestressed concrete ny 'l:::'-
waterfront structures were constructed, it was necessary to establish the corrosion X
performance of the Nitronic 33 stainless steel in marine concrete. A test plan was

developed where a series of tests which compared the performance of carbon steel
to the Nitronic 33 stainless steel were to be performed. The time to initiation of
attack was established as the critical parameter for the evaluation of the test results.

In each test, corrosion of the carbon steel initiated prior to the initiation of the R
corrosion of the Nitronic 33 stainless steel. In addition, previously emplaced full- ‘l‘i:'ﬁ;
scale pier pilings with both carbon steel and Nitronic 33 stainless steel prestressing i " gfa&‘-ﬁ!‘}«&
were inspected. The corrosion activity of the Nitronic 33 stainless steel prestressed

piling was less than that of the companion carbon steel prestressed pilings.
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concrete. A test plan was developed where a series of tests which compared the performance
of carbon steel to the Nitronic 33 stainless steel were to be performed. The time to initiation
of attack was established as the critical parameter for the evaluation of the test results. In
cach test, corrosion of the carbon steel initiated prior to the initiation of the corrosion of the
Nitronic 33 stainless steel. In addition, previously emplaced full-scale pier pilings with both
carbon steel and Nitronic 33 stainless steel prestressing were inspected. The corrosion activity
of the Nitronic 33 stainless steel prestressed piling was less than that of the companion carbon
steel prestressed pilings.

It was concluded thart prestressed concrete waterfront structures using Nitronic 33 as
prestressing strand should perform at least as well as similar structures using carbon steel
prestressing. Recommendations for additional work to evaluate possible differences in
inspection, maintenance, and repair techniques required for Nitronic 33 stainless steel
prestressed concrete waterfront structures are presented.
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INTRODUCTION

The purpose of this validation was to qualify Nitronic 33 stainless
steel for use as prestressing strand and reinforcement in concrete con-
struction where the magnetic properties of carbon steel are not acceptable.

This validation was directed solely to the determination of the
corrosion behavior of Nitronic 33 stainless steel in concrete under
conditions that are likely to be present in a pier fabricated from pre-

stressed and reinforced concrete. Previous evaluations by others have 3
determined that the mechanical properties, magnetic properties, Rataaia
fabricability, bonding strength, and other characteristics of Nitronic {E{L
33 stainless steel were suitable for construction of the type required. }":

While actual long term in situ testing of any material for a new e
application is highly desirable, this test program was based upon tests ?t“;
which could be completed in a relatively short period since it was neces- 4

sary to determinine if Nitronic 33 prestressed and reinforced concrete
could be used in the construction of urgently required facilities. The
tests were developed to determine the relative susceptability of carbon
steel and Nitronic 33 stainless steel to loss of passivity under various
conditions which are likely to occur in an actual marine structure, and

to separately assess the amounts and types of attack which are likely to
occur on both carbon steel and Nitronic 33 stainless steel when, or if,
active corrosion has bheen initiated. As both carbon steel and Nitronic 33
stainless steel were expected to behave as passive materials in concrete,
the side-by-side comparison of the two was considered to be valid. By
separating the determination of the initiation and propagation behavior,
and by comparing the behavior of carbon steel and Nitronic 33 stainless .
steel in each test, an assessment of the relative corrosion performance . N

N

: ) R . o »00)
of carbon steel and Nitronic 33 stainless steel could be made within a st
relatively short period. By including evaluation of previously cast woey
. . s ; . . . ST
sections of actual prestressed pilings (one with carbon steel prestressing s

o,
¥

v,
[N
?’

and reinforcement and one with Nitronic 33 stainless teel prestressing
and Nitronic 32 stainless steel reinforcement), and by the inspection of
in-place pilings of each type, the test data was further validated.

[t corrosion were to initiate on the Nitronic 33 stainless steel in
concrete, the tvpe, distribution, and extent of attack on the Nitronic 33
conld he ditferent from that which occurs on carbon steel in concrete.
Therefore, an assessment ot the effect of possible corrosion of Nitronic 33

. on structural integrity of prestressed concrete pilings and slabs was

made.  Also, the effect of magnetic fields of the magnitude and orienta-

. tion which are likely to he encountered in the vicinity of the proposed
- structure was assessed in order to determine the possible effects of
: these tields on corrosion of the reinforcement.
N4 The direct comparison of the behavior of carbon steel and Nitronic 33
stainless steel in this validation can be usced to compare the impact of
o corroston of carbon steel and of Nitronic 33 stainless steel 1in a marine
.
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prestressed concrete structure. It has been well established that concrete xi;
structures, prestressed and reintorced using carbon steel, can be T
successfully used in marine environments. This direct comparison of &
corrosion hehavior can be used Lo assess whether a structure fabricated AN
using Nitronic 33 prestressing and reinforcing can be successfully used }i}
in similar environments. ;1&
Follow-on efforts to extend the duration of the corrosion tests :Q::
pertormed to date and to establish criteria for construction, inspection, -
maintenance, and repair of structures fabricated using Nitronic 33 Fu
stainless steel are also identified and described. }”}J
NS

DEVELOPMENT AND APPROVAL OF TEST PLAN AND PRESENTATION OF INTERIM RESULTS ﬁ?:
o

Development of the test plan for this validation was initiated on Fa

14 June 1985. A preliminary test plan was reviewed by the Naval 773
Facilities Engineering Command (NAVFAC) Code 03, 04, 05, and 07 repre- o
sentatives during meetings at NAVFAC on 20 June 1985. A revised test :?::
plan was reviewed by NAVFAC Code 04 representatives during a meeting at Ny
the Naval Civil Engineering Laboratory (NCEL) on 26 June 1985. The test Qﬁ:f

plan was forwarded to NAVFAC by NCEL ltr Ser L52/968 of 3 July 1985 for -
approval.  NAVFAC ltr 3902 Ser 032F/3906 of 20 August 1985 gave final

*1’

h
approval of the test plan and directed NCEL to proceed with the valida- Qg
tion. oOn 17 September 1985 a briefing on preliminary results of the RS :
validation was presented to NAVFAC. The results of the tests to that -t}“
date were encouraging and it was determined that the tests should pro- t 3:
ceed as planned. A briefing was presented at NAVFAC on 17 December N
1985 to present final test results and to serve as a basis for the Ahat
decision to proceed with construction. L

o

00

PREPARATION OF TEST SPECIMENS ’}3
All test specimens were cast from the same batch of concrete to -
reduce the eftfects of variation of concrete on the corrosion behavior of H;

the embedded metal specimens. The mix design tor the concrete was -¢:o

developed by Mr. Doug Burke of NCEL with consultation from Mr. Bob LaFraugh ety
ot ABAM Consulting Enginerrs, Tacoma, WA. The mix design was developed iﬁ
to represent high quality concrete of the type to be specified tor con- *§
struction of the deperming facilities in San Diego and Kings Bay. The S

mix design was as follows: '
Cement - Tvpe T1 8.4 bags/yd

Water 37.9 gal/yd
(W/C ratio = 0.40)

Sand (San Gabriel) 1113.0 1bh/yd
Coarse aggregate

(San Gabriel)
3/8 In maximum 1526.4 1b/yd
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Admixture

(Sika Mix 126) 200.5 {1 oz/yd
Slump before admixture = 4 in
Slump after admixture = 0 in

The Nitronic 33 material was furnished by ARMCO Steel Corporation.
All specimens were cut from the same coil of material. The wire diameter
was 0.1875 inch. The chemical composition of the material, as deter-
mined by ARMCO, was as follows:

Composition of Nitronic 33 Test Wire

Element b
Chromium 17.69
Manganese 12.23
Nickel 3.48
Silicon .50
Nitrogen .30
Molybdenum .10
Carbon .039
Phosphorous .028
Sulphur .002

The mechanical properties of the Nitronic 33 stainless steel wire,
as determined by ARMCO, were as follows:

Ultimate tensile strength 136,000 psi
Yield strength 116,000 psi
Elongation 33.3%
Reduction of area 70.3%
Hardness 26 RC

The stainless steel test material met the composition and strength
requirements of ASTM Specification A58Q, Grade XM-29. This specification
can be used for procurement of wire for prestressing strand with the
additional requirement that the carbon content of the wire should be
below .048% to insure adequate weldability.

The carbon steel wire specimens were center wires from prestressing
strand meeting ASTM Specification A416. This is the standard specifica-
tion for prestressing strand.

Both the stainless steel and carbon steel wire specimens were cut
to a length of 22 inches and straightened as necessary. The specimens
were degreased using mineral spirits to remove the bulk of the drawing
compound on the wire and rinsed with acetone to remove any remaining
surface contamination. Pairs of strands of the same materials were
joined into dual strand specimens using an epoxy potting compeund to be
cast into 4- by 4- by 24-inch concrete prisms as shown in Figure 1.
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b (s Wires for other size test specimens were cut to the appropriate
T8 length, degreased in mineral spirits, and then in acetone. All of the

molds for the test specimens were prepared in advance of casting. The
dual strand specimens were placed in gang molds for the 4- by 4- by
24-inch prisms as shown in Figure 2.

g

;}m After casting, all of the specimens were placed in a steam cabinet

*ﬁi and steam cured for 16 hours. The 4- by 8-inch test cylinders cast and

R0 cured along with the test prisms were used to determine the strength of

c 0 the concrete after steam curing and after 27 additional days of curing

e in 72~degree fog. The strength of the test cylinders was as follows:

Strength of 4- by 8-Inch Test Cylinders

§ ; 16-hour steam cure 5914 psi

i 24-hour steam cure +

A 27-day fog cure 9380 psi

B

s

;ﬁ The 4- by 4- by 24-inch test prisms, which were to be cracked, were

Ao prepared by sawing a 1/2-inch-deep, 3/16-inch-wide "crack starter' notch

in the upper "free" face of the specimen and then loading the specimen

:x; at three points as shown in Figure 3.

é:: Eight test specimens were cut by sawing from two sections of piling

T furnished by ABAM Consulting Engineers, Seattle, WA. These sections

,f:f were fabricated by Concrete Technology Inc., Tacoma, WA, and were used

S to compare the stress relaxation characteristics of the Nitronic 33

: stainless steel prestressing strand with those of carbon steel. The A
A sections are octagonal and are nominally 16 inches wide and 10 feet long. N,
% o The section prestressed using Nitronic 33 stainless steel has 12 pre- %:\
, stressing strands where the section prestressed using carbon steel has :i:
f 11 prestressing strands. The section prestressed with Nitronic 33 has 5{1
B Nitronic 32 stainless steel spiral reinforcement. Each of the specimens e
;) cut from the Nitronic 33 prestressed section has two strands. Two of 3
o the specimens cut from the carbon steel prestressed section have one

‘ztc strand each and the other two specimens have two strands each. This

,ﬂxj variation in number of strands in the specimens was necessary due to the
:;:: different spacing and the different number of wires in the piling sec-

“}j tions. The test specimens and remaining sections are shown in Figure 4.

:x’ -

b

T PERFORMANCE OF TESTS AND TEST RESULTS

Test Series No. 1 -~ Electrochemical Behavior in Mortar Extracts

Purpose of Test. To determine the chemical conditions, representa-

-, tive of those in marine concrete structures, which result in passivity
S of both carbon steel and Nitronic 33 stainless steel and to evaluate the
'::: relative stability of the passive films where they are present.
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TR Test Specimens.

ﬁb e Carbon Steel
o e Carbon Steel w/crevice
w:', e Nitronic 33

ﬁﬂu‘ e Nitronic 33 w/crevice

" ; Test Setup. Potentiostatic polarization per ASTM G61.
;\*V

e Test Measurements.

\:\'

\a: e Breakdown potential

o e Repassivation potential

DLW L .

A Test Condition Matrix.

Y

ﬁ, N pH (by dilution)
1l ¥ .

P 12.1 11.6 11.2 10.0
o3 c
v h 0

Ll

a'. 2t L

: *: o P 40

‘) v P

L i M 400

A d

oy e 4000

o

S Chloride was from seawater. Duplicate runs were made on each test
R specimen type for each condition.

2

rr,? Total Specimens.
4;._

K Carbon steel 32

ANEN Carbon steel w/crevice 32

*‘;; Nitronic 33 32

et Nitronic 33 w/crevice 32

g x Total 128

E;.-*‘
R
fjﬁ. Test Results. The electrochemical tests showed that the tolerance
i . of Nitronic 33 stainless steel to both an increase in chloride ion and a

»

decrease of pH was substantially greater than the tolerance of carbon

Ehe ®
.

.
"

»

o steel. The electrochemical behavior for the specimens with crevices and
el those without crevices was essentially identical for both the carbon

" steel and Nitronic 33 stainless steel. Typical passive behavior for
5553 both the carbon steel and Nitronic 33 stainless steel as exhibited at pH

12.2 and 0 chloride are shown in Figures 5 and 6.
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behavior.

As the pH was

Table 1.

lowered and/or the
point was reached where the passivity of each alloy was reduced.
case of the carbon steel, the alloy exhibited essentially nonpassive
As shown in Figures 7 and 8§,
steel was reduced considerably at pH 11.6 and 200 ppm chloride and non-
passive behavior was exhibited at pH 10.0 and 200 ppm chloride.
shown in Figure 9, the level of passivity of Nitronic 33 stainless steel
retained at a pH of 10.0 and 6000 ppm chloride was substantial.

Tables 1 and 2 summarize the
Fully passive behavior is indicated in the tables by a P.
passivity 1s indicated by
highest potential used in the tests.
indicated by rupture potentials at
Nonpassive behavior

level

of chloride

increased,

the passivity of the carbon

results

indicated by a N.

of the

electrochemical tests.
Marginal
a M where passivity breaks down near the
Lower levels of passivity are
increasingly negative potentials.

Electrochemical Behavior of Carbon Steel

As

Chloride
(ppm)

Potential (MV) at pH (by Dilution) of--

12.1 11

.6

11

.2

10.

0

P P

p

p M

+100

Electrochemical
Stainless Steel

Behavior of Nitronic 33

Chloride
tppm)

Potential (MV) at pH (by Dilution) of--

12.1 11.

.2

10.

0

p p

P

P

P

2000

6000

P

+100
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Test Series No. 2 -

_lon Tolerance Tests
Purpose of Test. To determine the relative tolerance of carhon

steel and Nitronic 33 embedded in concrete to increased ionic content

resulting from forced migration of seawater through the concrete.

Test Specimens.

e Carbon steel
e Nitronic 33

Test Setup. The apparatus used to determine the resistance of
specimens embedded in concrete to accelerated ion migration is shown in
Figure 10.

The voltage impressed across the test cell to drive the ions by
electrophoresis was adjusted to give a voltage gradient of 1 V/in across
the test specimen. FEach test specimen contained one probe of Nitronic 33
stainless steel and one probe of carbon steel in order to eliminate any
effects of concrete variability.

Test Measurements. Relative time (ion increase is proportional to
time when applied voltage is present) for depassivation of the embedded
probes.

Test Conditions.
1. Time to depassivation with diffusion potential on.
2. Run stainless steel specimen for time needed to depassivate

carbon steel, then hold in seawater without diffusion voltage for 30 davs
to determine if delayed depassivation occurs. Duplicate runs were made
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for each test condition and material. e
. . . =
fotal Specimens.

&

'

Probes Blocks -

o o o+

_ g

Carbon steel 4 2 ;

Nitronic 33 w/crevice 8 4 -

Total 12 6 'y

-

o

Test Results. The tolerance of Nitronic 33 stainless steel to ion N

migration was substantially greater than that ot carbon steel.  Figure 11 -
shows a typical potential versus time curve for an fon migration test

run. After approximately 200 hour< with voltage applied across the Iy

cell the carbon steel became active as andicated by an decrease in ;

potential. The Nitronic 33 stainless steel remained passive for o

1000 hours. A
After 1600 hours of testing with the potential applied, the tests -

were terminated and the probes were removed trom the concrete bhlocks by !

crushing the blocks. The Nitronic 33 specimens showed no evidence of -
attack. As shown in Figure 12, the carbon steel showed considerable >

attack and the Nitronic 33 stainless steel showed no attack. s
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N Test Series No. 3 - Propagation Rates
h Purpose of Test. To determine the relative rates of propagation of
r corrosion of carbon steel and Nitronic 33 embedded in concrete under
2 conditions which will cause corrosion to initiate.
g
b3 Test Specimens.
W e Carbon steel .
o e Nitronic 33 R

&

TGy

Test Setup. The test setup for the determination of corrosion
- propagation rates is shown in Figure 13. The concrete cylinders were
cut with a 1/16-inch-wide saw to a depth which exposed one of the two

o test probes.

a:H: Test Measurements. Corrosion current versus time measured with a
Bew j zero resistance ammeter. Corrosion potential versus time.
R

Oyt

i/ ., . . . . .

o’ Test Conditions. Seawater immersion. Duplicate specimens for each
I material.

A
Y Total Specimens.

"

o Probes Blocks

) Carbon Steel 4 2

- Nitronic 33 4 2

R Total 8 4

,?:

Test Results. The corrosion current for the carbon steel increased
rapidly at the start of the test but fell to approximately 40 microamps

C

-

o after 50 hours. The Nitronic 33 stainless steel remained fully passive
J;$: after 1000 hours with no measureable current flow. Figures 14 and 15
z{j show the potential and current versus time for the carbon steel and

> Nitronic 33 stainless steel specimens.

I3

The test probes were removed from the test blocks after 1600 hours
of test exposure. The Nitronic 33 stainless steel test probes were not
attacked. The carbon steel test probes showed considerable surface
attack. Figure 16 shows the condition of the carbon steel and Nitronic 33
stainless steel probes after 1600 hours of exposure in the propagation
rate tests.

&

e Test Series No. 4 - Depassivation at Closed Cracks
K st oeries ho. o = depassivation at LIoset Lract
A . : : RN

g Purpose of Test., To determine the relative susceptibility of carbon
i T TN s o T T . . - -

:r steel and Nitronic 33 embedded in concrete to depassivation in the
3*; presence of a crack in the concrete which has opened and reclosed.
W
— Test Specimens.

W
o .
5‘) e Carbon steel w/crevice

] . . o .
g e Nitronic 33 w/crevice
c: W
t‘g\

8
v
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o9
s Test Setup. The test setup for evaluation of depassivation at
AR closed cracks is shown in Figure 17.
NG Test Measurements. Corrosion potential versus time.

A
".P: Test Conditions. Seawater exposure. Duplicate specimens for each
:"s material.
. Total Specimens.

>
N Probes Blocks

-~
RN
?;& Carbon steel w/crevice 4 2
£ Nitronic 33 w/crevice K 2

) Total L

A
f_-:: Test Results. Neither the carbon steel nor the Nitronic 33 stain-
Wl less steel depassivated at closed cracks during the duration of this
O test. The corrosion potential versus time for the carbon steel is shown
ar in Figure 18 and the corrosion potential for the Nitronic 33 stainless
2 ; steel versus time is shown in Figure 19.
) The test bars in these specimens were removed from the test blocks
[-.4 after 1200 hours of exposure in the depassivation at closed crack tests.
:-'\: Neither the carbon steel nor the Nitronic 33 stainless steel specimens
w.' showed any attack.

. Test Series No. 5 - lon Diffusion Tolerance at Closed Cracks

Purpose of Test. To determine the relative tolerance of carbon
steel and Nitronic 33 embedded in concrete to increased ionic content
resulting from forced diffusion of seawater into the concrete in the

presence of a closed crack.

I . .
¥ Test Specimens.

v

j\j e Carbon steel w/crevice
".;'le e Nitronic 33 w/crevice

- -

- Test Setup. The test setup for the determination of ion diffusion
AR ) coos Ty . .

K. tolerance at closed cracks was similar to the test setup for the deter-

- mination of depassivation at closed cracks ecxept that the inner bars

'.:::. were used as a counter electrode to produce a potential gradient within

[ " 1 N

o the specimen.

(Y Test Measurements. Corrosion potential versus time. Dy
' e
Ka S . . LAF
e Test Conditions. Seawater immersion. P
N T ' o
A . . . . : . . “.g“l
~ 1. Time to depassivation with ditfusion potential on. N

[l

2. Run stainless steel specimen for time needed to depassivate A
carbon steel, then hold 1n seawater without diffusion voltage for 30 davs :.::"
to determine it delayed depassivation occurs.  Duplicate runs were made e
on ecach material. e
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Total Specimens.

Probes Blocks
Carbon steel w/crevice 4 2
Nitronic 33 w/crevice 4 2
Total 8 4
fest Results. The carbon steel specimens depassivated after an

average of 32 hours of applied current. The Nitronic 33 stainless steel
remained passive after 1600 hours of applied current.

The test bars in these specimens were removed from the test blocks
to determine their surface condition. The Nitronic 33 stainless steel
specimens showed no attack. The carbon steel test specimens showed
considerable surtace attack in the area of the crack.

Test Series No. & - Repassivation at Closed Cracks

Purpose of Test. To determine the relative ability of carbon steel
and Nitronic 33 embedded in concrete to repassivate in the presence of a
closed cruck if corrosion initiates when the crack is open.

Test Specimens.

e Carbon steel w/crevice
e Nitronic 33 w/crevice

Test Setup.  The test setup for this series is identical to that
shown tor depassivation at open cracks (Figure 17).

Test Measurements. Corrosion potential versus time.
Test Conditions. Open crack until corrosion initiates. Measure
time to achieve repassivation. Duplicate runs were made for test condi-

tion and material.

Total Specimens.

Probes Blocks
Carbon steel w/crevice 4 2
Nitronic 33 w/crevice 8 4
Total 12 6

Test Results.  Ag the Nitronice 33 stainless steel did not depassi-
vate at open cracks over the daration of the test in Series No. 7, it
was not possible to make o comparison between the carbon steel and
Nitronic No. 3 stainless steel tor the ability to repassivate. The
carbon steel repassivated within 35 hours of closing the crack as shown
in Figure 20.
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Test Series No. 7 - Depassivation at Open Cracks

Purpose of Test. To determine the relative susceptibility of
carbon steel and Nitronic 33 embedded in concrete to depassivation in
the presence of cracks in the concrete cover of various widths.

Test Specimens.

e Carbon steel w/crevice
e Nitronic 33 w/crevice

Test Setup. The test setup for determination of depassivation at

open cracks is shown in Figure 21.
Crack Widths.

1/64 inch
1/32 inch
1/16 inch
1/8 inch

Test Measurements. Corrosion potential versus time.

Test Conditions. Seawater immersion. Duplicate specimens for cach
material and crack width.

Total Specimens.

Probes Blocks
Carbon steel w/crevice 16 8
Nitronic 33 w/crevice 16 8
Total 32 16

Test Results. None of the Nitronic stainless steel specimens showed
depassivation during the duration of these tests. The carbon steel bars
with 1-inch cover showed depassivation upon immersion for the 1/8-inch-
wide crack, 50 hours for the 1/16-inch crack, 150 hours for the 1/32-inch
crack, and 180 hours for the 1/64-inch crack. The carbon steel bars

with 2-1/4-inch cover show depassivation immediately upon immersion for
the 1/8-inch-wide crack but continued passive behavior for the 1/l6-inch
and tighter cracks. Figures 22 and 23 show the potential of the inuner
(2-1/4-inch cover) and outer (l-inch cover) bars versus time.

The test bars in these specimens were removed from test blocks to
determine their surface condition. As shown in Figures 24 and 25, the
Nitronic 33 stainless steel specimens were not attacked, but the carbon
steel specimens showed considerable attack.

Test Series No. 8 - Corrosion Product Volume

Purpose of Test. Tao determine the relative volume of corrosion
products produced in the corrosion of carbon steel and Mitrvonrc 33 when
embedded in concrete.
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¥ Test Specimens.

e Carbon steel
e Nitronic 33

Test Setup. The test setup for the determination of corrosion

product volume is shown in Figure 26.

Test Measurements.

Change in cylinder diameter
Visual inspection of metal-concrete interface at end of test
e Weight loss of probes

Test Conditions.
e Seawater iImmersion
e Anodic current from propogation rate test

e Triplicate specimens for each material

Total Specimens.

Carbon steel 3
Nitronic 33 3
Total 6

Test Results. As corrosion of the Nitronic 33 stainless steel did
not initiate in the propagation rate tests it was not possible to perform
the tests for the Nitronic 33 stainless steel in this series us appro-
priate corrosion currents could not be established.

There were no instances in the tests performed for this validation
that resulted in the generation of sufficient volumes of corrosion
products to establish any conclusions regarding the effects of corrosion
product volume on corrosion.

Test Series No. 9 - Evaluation of Prestressed Pile Specimens

Purpose of Test. To determine the susceptibility of Nitronic 33
and carbon steel strand embedded in concrete to depassivation using
specimens cut from a prestressed test piling section with cracks in the
concrete cover. Original plans to test the specimens from the piling
without cracks were not performed as the resistance to corrosion initia-
tion of both the carbon steel and Nitronic 33 stainless steel in speci-
mens without cracks was likely to be longer than the time available for

these tests. Original plans to test each strand in the sections cut
from the pilings were changed since it was determined that the strands
were electrically connected through the spiral wrap. It was also deter-

mined after the original plans for this test that the spiral reinforce-
ments an the Nitronie 33 stainless steel prestressed piling were
Nitronie 32 stainless steel.
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Test Specimens. Cut from test piling prestressed with Nitronic 33

strand and carbon steel strand.

Test Setup. The test setup for the determination of the suscep-
tibility of carbon steel and Nitronic 33 stainless steel strand in
specimens cut from test pilings is shown in Figure 27. The faces and

ends of the test sections were sealed with paraffin prior to filling the
reservoir with seawater.

Test Measurements. Corrosion potential versus time.

Test Conditions.

e Seawater immersion
e Crack widths - 1/8 and 1/16 inch

Total Specimens.
)
Strands Blocks OO

Carbon steel 2 2 W
Nitronic 33 2 2

Total 4 4 )

Test Results. The corrosion potentials versus time for the carbon WY
steel and Nitronic 33 stainless steel piling sections showed erratic
behavior. This was attributed to the more complex geometry of the
specimens, the presence of the spiral reinforcement which was exposed
{but coated with paraffin), and the variation of cover over the strands.
The potentials indicated that there may be limited corrosion activity in
both the carbon steel and Nitronic 33 stainless steel prestressed speci-

mens . .
Upon completion of the potential measurements, the strand and spiral {;:r:;
reinforcement was removed from the test specimens. As shown in Figure 28, RSN
the carbon steel strand and spiral showed considerable surface attack in ﬁfﬁf}‘
the vicinity of the cracks. ;ﬂ“n“‘
The Nitronic 32 stainless steel spiral reinforcement in the piling AL
specimens showed several areas of incipient attack. The strand in the oy =
specimens was not attacked. The condition of the strand and spiral :§‘$4”
reinforcement is shown in Figure 29. :rt::;
\.::'\.: )

Test Series No. 10 - Evaluation of In-Place Pilings P02

Purpose of Test. To determine the short term {17-month) performance
of prestressed pilings fabricated using both carbon steel and Nitronic 33
stainless steel exposed in a marine structure.

Test Specimens. Pilings in the SEA-LAND pier - Port of Tacoma.

diver-held, surface-supported probe which measured the flow of current
into or from the surface of the test pilings. The technique is described
in NCEL ™M 52-85-01.

Test Setup. The test pilings were evaluated using a developmental

aymgw, ‘,v. Pl o ('1":,:.".3"'",/1 oo
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N Test Measurements. Corrosion currents resultiong from corrosion
- cells on the prestressing strand or spiral reintorcement. Visual obser-
W vations of surface defects on pilings.
:-'.
-~ Test Conditions. Seawater immersion of driven piling in an
ﬁ in-service structure.
§ ]

' Test Results. No signiticant corrusion activity was detected in
A either the Nitronic 33 stainless steel or the carbon steel prestressed
'“ pilings. The readings obtained on both types of pilings were statis-
t; tically identical. Small locations on the Nitronic 33 stainless steel

%j prestressed piling where limited corrosion activity was located were

A correlated with carbon steel "pre-ties” used in the manufacture of the

test piling.

e Due to instrument limitations, the readings taken during the first
- inspection of the test pilings on 12 September and 13 September 1985

;- showed no corrosion activity on either piling. The performance of the
-~ probe was substantially improved by modifying the electronics in the

< topside instrumentation package and the test probe. A second inspection
d of the pilings on 31 October 1985 and 1 November 1985 resulted in the
o generation of reliable and meaningful test results. The corrosion

:u activity in the test pilings was extremely small. The maximum readings
.r: obtained were less than one-tenth of the readings typically obtained on
,:\ laboratory specimens where corrosion activity was Kknown to be occuring.
‘N Figures 30 and 31 show that the readings obtained for both the carbon

' steel and stainless steel were similar in the frequency of readings

= versus their polarity and intensity. As shown in Figure 32, which is a
o current profile map of the Nitronic 33 prestressed piling, there were
e several small sites on one surface of the piling where the majority of
:}: the corrosion activity on the pile was concentrated.  The level of
&) current was small, however the readings were reproducible and were

i interpreted as locations of corrosion activity. No surface itndication

of activity was noted by the divers at these sites or at any other loca-
tion on the test pilings.

=

-

i} Subsequent detailed examinations ot the piling sections ohtarned by
[ NCEL tor sectioning revealed that there were carbon steel tie wires used
i 4t some locations tor securing the spiral wrap to the prestressing strand
- in the Nitronic 33 piling. Figure 33 shows a magnet adhering to sach a
fg tie wire. The tie wire was tound on the same tace of the test section
gl where the corrosion activity was located by the test probe.  The majority
j: of the tie wires in this specimen were, however, nonmagnetic austenitiae
-r: statnless steel .
i’a Discusstons with Meo Phaolip Birkeland of ABAM Consalting Engineers

’ regarding the manufactnre of the test pirling sections revealed that the

X carbon steel tie wire Tocated on the test piling section and the corro-
- ston activity Jocated by the test probe were at locations where the
‘_’: sprral wrap wan “pre-tied” to the strands. These "pre-ties™ are spaced
;: al approximately d-toot antervals and are Tocated along the face of the
:.‘\ pilbing ddentitved a5 3.0 oo Fagore 320 This s adentical to the spacing
) and Jocation of corrosion actaivity on the test prbing. While the nse ot
> carbon stecl wirves was neither intended nov contrrmed by ABAM D theor ane
=
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o
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was considered possible, particularly as their presence was confirmed in
Figure 33 which shows a small bar magnet being suspended from the tie
wire.

The presence of the limited number of small carbon steel ties in
the exposed pilings is not considered to be significant from the stand-
point of the lifetime of the pilings, however, the use of such tie wires
should be avoided in future construction so that inspection using current
probes c¢an be more readily interpreted. In fact, confirmation ot the
abitity of the test probe to detect such small sites of limited activity
was constdered to be a positive aspect of the presence of the carhon
steel tres in the Nitronic 33 test pilings.
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IMPACT OF CORROSITON ON STRUCTURAL INTEGRITY

73

Purpose of Eftort

«
4
4

The purpose of this effort is to assess the impact of the type and
extent of corrosion which is likely to occur on Nitronic 33 stainless
steel in concrete on the structural integrity of prestressed and rein-
torced concrete structures. As the distribution, type, and extent of
corrosion of Nitronic 33 is likely to be substantially different from
that of the carbon steel commonly used, the structural impact of the
corrosion which is likely to occur on the Nitronic 33 may also be sub-
stantially different.
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Results of Assessment

The results of this assessment are included in this report as
Appendix A. This assessment was performed by Dr. George Warren of NCEL.
The assessment showed that the structural impact of distributed localized
attack of the type anticipated for the Nitronic 33 prestressed piling,
should it occur, would be less serious than the more general attack
which would be likely to occur on carbon steel prestressed structures of
stmilar design.

ASSESSMENT OF INDUCED ELECTRICAL CURRENTS

Purpose of Effort

The purpose of this effort is to determine the magnitude and likely
paths of electrical currents which may be induced in prestressed concrete
structures by pulsating magnetic fields. It is possible that electrical
currents which are induaced can flow from the reinforcement into an
electrolyte and induce corrosion.

Results of Assessment
This assessment was performed by Mr. Jim Brooks of NCEL. The

results of this assessment are given in Appendix B.  The assessment
showed that the worst case currents are less than 1 ampere. This level
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is substantially below that required to cause significant corrosion
activity, and can be reduced substantially by increasing the resistance
of the current path by not allowing the prestressing strand to protrude
from the bottom of the pilings. As this will be required to prevent
direct contact between the strands and seawater or bottom sediments, the
currents in an actual structure will be insignificant from the standpoint
of corrosion.

REVIEW OF TEST RESULTS
This review of test results is based upon the electrochemical tests
and the actual condition of the test bars removed from the test specimens

except for the evaluation of the in-place pilings.

Test Series Results

#1 Nitronic 33 more resistant to lower pH and
increased chloride.

12 Nitronic 33 more resistant to ion
migration.
#3 Carbon steel became active; Nitronic 33

remained passive.

#4 Neither alloy became active.
#5 Nitronic 33 more resistant.
#6 Carbon steel repassivated; Nitronic 33

did not depassivate.

i#7 Carbon steel depassivated; Nitronic 33
did not depassivate.

#8 Carbon steel depassivated; Nitronic 33
did not depassivate. Corrosion product
volume insufficient to cause measurable
changes.

#9 Carbon steel corroded; Nitronic 33 did not
corrode. Nitronic 32 showed incipient
corrosion.

#10 No significant difference between pilings.
Carbon steel in Nitronic 33 piling had
become active, otherwise, no significant
activity in either piling.
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N : Test Series Results

Structural Integrity The type of attack expected on the Nitronic 33,
A should it occur, would bhave less impact than
Fo that of the typical corrosion of carbon steel.
Co
é&' Induced Currents The effect of induced electrical currents will
Wt be insignificant and may be easily reduced

further.

I.h*'
N CONCLUSIONS
"
".}l\'

Based upon the results of all of the tests performed in this vali-
. dation, it is concluded that the resistance of Nitronic 33 stainless
steel to corrosion in environments representative of those found in a
prestressed or reinforced structure is superior to the corrosion resis-
tance of carbon steel.

The type of local attack which may occur if corrosion of the
Nitronic 33 stainless steel is initiated will have less effect than the
distributed corrosion which occurs on carbon steel prestressing.

Electrical currents induced by the operational magnetic fields
associated with degaussing facilities will not result in accelerarted
attack of the Nitronic 33 stainless steel.

NEED FOR ADDITIONAL EFFORTS

Construction Criteria

As the properties and performance of Nitronic 33 stainless steel
have been found to be substantially different from the commonly used
carbon steel, it is necessary to develop different criteria for the
construction and construction inspection of structures using Nitronic 33
stainless steel. This has already been accomplished for the design of
Nitronic 33 prestressed and reinforced structures where such differences
in strength, elasticity, stress relaxation, bond strength, and weldability
were assessed and changes to the design and fabrication of the structural
elements were modified as necessary. This must also be done for the
differences in corrosion behavior. The most critical factors related to
corrosion performance are likely to be the tolerable limits for cracking
in the cover over prestressing strand and reinforcing bars, and the
method for repairing such cracks and encapsulating the exposed ends of
the prestressing strands.

Maintenance, Repair Methods, and Criteria

As for construction criteria, it will be necessary to develop dit-
ferent methods and criteria for the in-service inspection of structures
using Nitronic 33. The most crilical factors related to corrosion per-
formance are likely to be the detection of corrosion activity and the
location of the position of the prestressing strands. The test probe
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used experimentally in this validation should be developed into a4 tield
unit which can be used tor the inspection of Nitronic 33 prestressed
structures and tor carbon steel prestressed and reintorced structures as
well.

As tor construction criteria, it will be necessary to develop dit-
terent methods and criteria for the in-service maintenance and repair of
structures using Nitronic 33. The most critical tactors related to
corrosion performance are likely to be the methods for repair of in-
service cracking in the cover over prestressing strand and reintorcing
bars, and the the methods tor spalled elements.

Contrmation of Test Exposures

Long term exposure is the most reliable method of determining actual
pertormance of any material. The tests pertormed in thrs validation
were designed to determine the velative performance of Nitronio 33
stainless steel and carbon steel under artaitrcally produced conditirons
and inosmall samples.  While the results of such tests can be used to
compare pertormance, they should not be used to predict the litetime of
the materials tested when they are 1nouse 1in tull-scale structures.

Selected test exposures of Nitronic 33 should be continued to both
support the recommended methods and criteria eftforts and Lo servve as a
basis tor the prediction of the long term performance of Nitronic 33
stainless steel in tull-scale structures.

RECOMMENDATTONS

1. The design and construction of the deperming tacilittres should
proceed.

2. The design drawings should be carctully reviewed to insure that
adequate cover is provided over all ot the Nitronic 33 stainless steel.

b.oo Uonstrnction and constroction inspection criteria should be
developed taor the facitities construocted using Nitronic 33 stainless
steel.,

4. dn=service inspection methods and criteria should he developed for

tacailitices constructed using Nitronic 33 stainless steel.

5.0 tuintenance and vepair methods and criteria should be developed for
facabities constructed nsing Nitronic 33 stainless steel,

‘.

el tL Selected test o exposires of Nitronic 33 should he continned to

. cuppoct the recommended methods and criteria ettorts and to obtain long
Y term pertormance Jdata on Nitronie 33 stainfess steel,
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Figure 1. Dual strand prestressing wire specimens.
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N TON MIGRATION CELL
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Figure 11. Tolerance of Nitronic 33 stainless steel and carbon steel to
ion migration.
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Figure 12. Condition of carbon steel and Nitronic 33 starnless steel
dgfter 1600 hours of exposure in ion tolerance test,
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